Abstract-Measurement of cell number is important in cellbased in vitro screenings for therapeutic drugs and tissue engineering such as cell culture maintenance, cell plating, and cell growth, as well as monitoring of cell viability, proliferation, and cytotoxicity. We performed cell counting using intensity-based in vitro spectral-domain optical coherence tomography (SD-OCT). Adult retinal pigment epithelium cells were cultured on a glass dish to prevent diffuse reflection from the surface, and the dish was tilted by 15°during OCT imaging to reduce coherence noise from specular reflection. Rasterized scanning was performed to generate a three-dimensional volume image with an en face image of the retinal pigment epithelium cell layers. Cell counting was achieved by measuring the density of bright spots after layer extraction and thresholding. Two other cell counting methods were also performed for the purpose of comparison, one using a hemocytometer and the other using water-soluble tetrazolium-1; cell counting by in vitro OCT yielded results better than those from the hemocytometer. Our results showed that in vitro OCT systems can be a powerful tool for estimating and analyzing cell density in a cultured sample without the need for dyeing the sample or causing cell death.
I. INTRODUCTION
C ELL viability measurement is important to evaluate cell integrity and cell condition. One of the most useful methods for measuring cell viability is cell counting. The cell counting method can be used in cellular and molecular biology research applications, such as cell proliferation and cytotoxicity measurements. A typical cell counting procedure for adherent cells involves harvesting adherent cells, removing cells from culture dish, resuspension after centrifugation, staining, and cell counting using high resolution microscopy with drug treatment if required. In addition, the time required to process numerous samples can limit the accuracy and versatility of the procedure [1] - [3] . The retinal pigment epithelium (RPE) cells are a representative model for adherence because they grow in monolayers.
The RPE is a hexagonal monolayer of individual cells that forms the barrier between the choriocapillaris and neurosensory retina in a normal human eye. The RPE cell density and morphology is the most important indicator in evaluating and maintaining macular and corneal health [4] - [6] . The RPE cell density decreases slowly with age, affecting blood vessels with neovascularization and resulting in loss of vision. This is known as age-related macular degeneration and is the leading cause of blindness among the elderly worldwide [7] - [10] . Therefore, monitoring RPE cell density and morphology is the most important factor to be considered in clinical situations, particularly for post-or pre-operative situations such as grafting surgery, refractive surgery, or any transplant operation [11] - [13] . In addition, in vitro monitoring of RPE is important for understanding the native behaviors of cells and the pathophysiology of retinal diseases [14] , [15] .
Optical coherence tomography (OCT) is an optical imaging modality that has been widely used in ophthalmology [16] - [18] because it provides micrometer-scale resolution, as compared with ultrasonography [19] , [20] . For corneal and anterior segment imaging, a longer wavelength of 1300-nm is used as it has the advantages of higher power and deeper penetration depth compared with the visible wavelength range [21] - [23] . The safety level for eye exposure set by the American National Standards Institute (ANSI Z136.1) is 15 mW at 1310 nm and 0.7 mW for 830 nm. However, retinal imaging is limited by water absorption, and therefore, the 800-1050 nm wavelength range is preferred. Over the past decade or more, the OCT technique has offered various advantages, including tissue imaging at the cellular level [24] - [27] . However most OCT cannot always detect cells in vitro, especially in vitro RPE cells that grow as a monolayer attached on a petri dish for cell culture. Here, we set up the conditions to maximize the ability to detect the characteristics of cultured RPE cells, including cell count. In our experiment, we used a 1375-nm optical source. This wavelength window has rarely been employed for retinal imaging because it is easily absorbed by water molecules. However, 1375-nm in vitro OCT imaging showed reliable performance because of the thin 4 cells/mL in glass dishes. The atmosphere of the incubator was maintained at 37
• C with 5%CO 2 . Another glass dish without cells was incubated under the same conditions as those of a negative control. The morphology of the cells was routinely checked under a bright-field microscope (Nikon TS100, Japan) for 4 days until the cells had 100%, 80%, 60%, 40%, and 20% confluences in the culture dishes. The samples were also analyzed by a laboratory-made, 1375-nm spectral domain optical coherence tomography (SD-OCT) system and cell-counting assays. Each of the experiments was performed three times. For in vitro analysis of the cell morphology using the SD-OCT system, ARPE19 cells were rinsed with phosphate-buffered saline and clean DMEM/F-12 media were added for preservation. The microscopic images indicated the cell morphology, as well as the culturing cell density, health, and location. The magnifications of the bright-field microscopy and OCT images were set to 10× .
A. Experimental Setup for In Vitro Optical Coherence Tomography
Four days after being seeded, cultured ARPE19 cells were imaged using the laboratory-made in vitro SD-OCT system. Fig. 1 is a schematic diagram of this system. A fiber coupler was used as a Michelson interferometer to generate interference fringes. A broadband light source was fabricated by combining five superluminescent diodes (SLD) to achieve a 230-nm bandwidth centered at 1375 nm [28] . The axial and transverse resolutions of the OCT system were 4 µm and 13 µm in air, respectively. The SLD was classified into Class 1 by the IEC 60825-1 standard that is safe with the aid of typical magnifying optics. In addition, the coupler divided the radiation power in half, and the exposure time was limited to 10 µs at one position for rasterized scanning. Therefore, the OCT system was eye-safe. The same water-immersion lenses were attached at the reference and sample arms to prevent broadening of the point-spread function due to mismatch in the refractive indexes. For data acquisition, a 92-kHz InGaAs line scan camera was employed with a 6.96-µs exposure time and a nominal focal plane array sensitivity of 450 e-/counts. An interferometric method was introduced for accurate wavelength calibration of the spectrometer [29] . The sample stage was tilted by 15°to reduce direct reflection of the scanning beam that could have effectively suppressed the coherence noise from the sample itself. Two scanning galvanometer mirrors were attached and controlled by a data acquisition board, which enabled the generation of en face and volumetric OCT images. To decrease the imaging time, we applied the Compute Unified Device Architecture (CUDA) for high-performance parallel computing. We acquired 512 A-lines, each containing 1024 pixels, to form a 2D image. CUDA successfully managed the data stream from full-speed acquisition by the line-scan camera, including a post-processing procedure. The three-dimensional (3D) scanning required 1.8 seconds, including 3D volume reconstruction with acquisition of 262 144 A-lines [30] .
B. Cell Proliferation and Cell Counting
We performed microscopic analysis for each initial density, as shown in Fig. 2 . The number of cells was estimated by a microscopic cell-counting method using a hemocytometer. After the seeding period of the ARPE19 cells, 10-µL samples from each group of the cell suspension were taken in test tubes and mixed with 10 µL of trypan blue solution (Sigma, LA). Then, 10 µL of the mixed solution was placed in the hemocytometer chamber and examined immediately. Dead cells were excluded from staining, and they were identified as the dye stained them blue in color. The total number of unstained cells was counted, and the cell concentration was calculated according to Eq. (1) In addition, cell proliferation was measured by a tetrazolium salt-based assay (EZ-Cytox Cell Viability Assay Kit, Daeil-Lab Service Co., Ltd, Korea) known as WST-1. The culture medium was aspirated, and 1 mL of DMEM/F-12 medium was added. The cultured cells were placed in a 96-wells microtiter plate with a final volume of 100 µL/well and were incubated overnight at 37°C in an atmosphere of 5% CO 2 . Then, 10 µL of the WST-1 assay reagent was added into each well and incubated for an additional 2 h at 37°C. After incubation, the optical density of the sample was measured using a multi-detection micro plate reader (SpectraMax R M2, Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 450 nm. The experiments were repeated at least 3 times for each of the 5 samples.
In vitro ARPE19 cell flat-mount preparation was employed on one concentric region located at the center of the glass culture dish. The density of cells was determined by the cell reflectivity within a 10 mm × 10 mm × 10 mm rectangle using a realtime SD-OCT system. The contrast of the obtained images was improved by adaptive histogram equalization, and the number of cells was calculated by determining the density of the cells. This cell counting was performed 3 times for each sample.
III. RESULTS AND DISCUSSION
Measurement of the cell proliferation is important in cell-based screenings for therapeutic drugs and tissue engineering. To monitor the morphology and density of ARPE19 cells, we used bright-field microscopy. Fig. 2 shows the microscopic images of the cultured RPE cells at initial densities of 9.6 × 10 4 cells/mL, 4.8 × 10 4 cells/mL, 2.4 × 10 4 cells/mL, 1.2 × 10 4 cells/mL, 0.6 × 10 4 cells/mL, and 0 × 10 4 cells/mL (negative control), and the scale bars represent 100 µm. Furthermore, the RPE cells were imaged by the in vitro SD-OCT system that provided cross-sectional intensity images shown in Fig. 3 .
To quantitatively determine the proliferation of cells for each group using OCT, we traced one site throughout each of the Fig. 3 . In vitro SD-OCT image of the cultured RPE cells. Polymer tape was attached for guiding the imaging area. Acute extraction of the RPE cell layer was required to eliminate background noise such as dust, fingerprints, and polymer tape layers. three different counts using computer analysis with MATLAB. The cells were cultured on glass instead of a polymer dish because a polymer surface would diffusively reflect the incident beam, which may have ruined OCT images of the RPE cell layer. We attached polymer tape to guide the imaging area. Reflection occurred on the opposite side of the dish owing to dust, fingerprints, and polymer tape layers. A total of 512 B-scan images were taken to form a 3D volume image and extract en face 2D images of an RPE cell layer after image processing. To selectively extract the RPE cell layer, we cropped the proper region with high-intensity values using histogram equalization, as shown in Fig. 4(a) . Then, we picked the first intensity layer using a 4th-order polynomial curve to eliminate unnecessary layers. Fig. 4(b) shows the RPE cell layer, and the red line indicates the fitting curve for extracting the intensity values. The intensity values were integrated into voxels for 3D image construction (see Fig. 4(c) ), and the pixel density was analyzed to estimate the cell proliferation after thresholding (see Fig. 4(d) ). Furthermore, the selected areas of the culture dishes from different measurements were calculated separately. Fig. 5 represents in vitro OCT images of cultured RPE cells at each initial density. Cells seeded at low (0.6 × 10 4 cells/mL and 1.2 × 10 4 cells/mL) and medium (2.4 × 10 4 cells/mL and 4.8 × 10 4 cells/mL) density were in significantly lower quantities than those seeded at high (9.6 × 10 4 cells/mL) density, as seen in Fig. 5 . Fig. 6 indicates the thresholded image at each initial density for cell counting. The thresholding value of pixel intensity was set to 50, which is a value estimated empirically to remove the background noise. Then, we calculated the density of the white pixels, and multiplied the calibration coefficient and the measured density in order to calculate the number of cells. The coefficient should be determined by comparing the result from WST-1 before the cell counting. In our case, the calibration coefficient was 1.91 × 10 4 . The results of the cell counting under SD-OCT showed that the sample with an initial cell After the OCT measurement, the in vitro ARPE19 cell proliferation was assessed using the WST-1 assay. The in vitro model comprised cell aggregates and exhibited a more heterogeneous cell distribution. The increase in cell number was monitored by the increase in the size of the cell aggregates on WST-1. The rate of proliferation was significantly higher in the high-initial density group than in the low-and mediuminitial density groups, as was determined by the OCT measurements. The cell counting experiments were performed to determine the ranges of RPE cell concentrations in each group. All the cultured cells were healthy after imaging by OCT; therefore, these results showed living cells. Fig. 7 . The OCT cell-proliferation results were similar to those based on WST-1, and more accurate than those based on the hemocytometer method, which required good handling with careful cleaning to avoid contamination during experiments. These experiments demonstrated that OCT is viable as an alternative cell-counting method that conserves cells. In addition, OCT can be conducted at a faster speed with an easier procedure and enables continuous measurement during cell culturing.
IV. CONCLUSION
In summary, we assessed the use of an in vitro SD-OCT system for cell quantitative analysis using human RPE cultures. Our results showed that the OCT is a viable alternative method for cell counting, and the system can be a powerful tool for estimating and analyzing the cell density in a culturing sample without causing cell death. It can also obtain three-dimensional (3D) images of the sample, offering an advantage for measuring high-density samples in real-time. Future work on 3-D OCT measurement will involve the application of monitoring phenomena occurring over shorter and longer time scales.
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